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osting by EAbstract This paper presents methodologies and techniques that can be adopted and used in the
quantitative assessment of power system reliability and its application to cost/beneﬁt evaluation in
system generation expansion planning. A practical approach that can be used to estimate reliability
worth is focused on the evaluation of the expected energy not served (eENS) to the consumers
resulting from power outages and service interruptions. The eENS cost can then be compared with
system cost (ﬁxed and variable) in order to arrive at the most appropriate reliability level that can
insure both acceptable service quality and reasonable cost.
ª 2011 King Saud University. Production and hosting by Elsevier B.V. All rights reserved.1. Introduction
1.1. Problem formulation
The basic function of amodern electric power system is to satisfy
its consumers with a reasonable assurance of service reliability
and adequacy. This requires additional generation and trans-
mission equipment to accommodate for consumer present andy. Production and hosting by
Saud University.
lsevierfuture demands. These additional facilities involve extra costs
to the utility and to the consumers of electric energy.
As a measure of service reliability and adequacy, two funda-
mental indices are widely accepted and used in generation sys-
tem reliability evaluation and known as the loss of load
expectation (LOLE) and the expected energy not served (eENS).
The LOLE denotes the expected average number of days per
year during which the system is being on severe outages, i.e.,
load exceeds the available generating capacity. The eENS is de-
ﬁned as the expected amount of energy not being served to con-
sumers by the systemduring the period considered due to system
capacity shortages or unexpected severe power outages. The
implementation of eENS as a reliability measure, is now increas-
ing being that the power systems are actually energy systems.
The problem of estimating outages costs is affected by the
perceived costs of power outages and the point in time when
a consumer would like to buy electric energy but is unable to
do so. Since there are different classes of consumers, each will
perceive and tolerate loss of service differently. A residential
consumer may suffer a great deal of hardship if an outage
occurs during a hot summer day or while he is engaging in
12 A.M. Al-Shaalandomestic activities. It is somewhat true that residential losses
due to outages are to be less accurate since anxiety and other
intangible costs represent a very high proportion of total costs
for residential consumer and such costs are hardily to be quan-
tiﬁed in terms of monetary values. For a commercial user, who
is forced to close his business during outages, he may incur
great losses until power is restored. For an industrial user, out-
ages may cause a huge loss to him if they occur during the time
of the production process. Therefore, various classes of con-
sumers do not perceive and tolerate power outages to the same
degree of hardship.
The outage costs to a particular consumer depend also on the
alternatives available to that individual at the time of service
interruption. If the outages are not expected, the consumer
may have very limited alternatives and may incur a great loss.
On the other hand, if an adequate early warning is given, the
lossesmay be averted ormitigated. Also, as an outage lasts long-
er, the consumers losses will tend to increase and will include di-
rect and indirect costs as effects of anxiety, loss of products, food
spoilage, health hazards, etc.
1.2. Previous works
To overview some of previous works, Balducci et al. (2002)
assessed the cost incurred by commercial and industrial sectors
as a result of power outages. The study estimates the total cost to
reach about $80 billion per year. Of this, $58 billion (73%) is
from losses in the commercial sector and $20 billion (25%) in
the industrial sector. The reason for the commercial sector’s
high share of this cost is the large number of commercial sector
customers, which includes small as well as large businesses, and
the high cost per outage per customer. The researchers caution
that there are uncertainties in the available data on power
interruptions, and these gaps could mean that the true costs of
interruptions could be higher or lower by tens of billions of
dollars. They have called for a national effort to collect better
information on these costs. Billinton (2007) illustrates techniques
that have been applied to the prediction of reliability and avail-
ability of the various speciﬁc segments of an electric power
system. The book presents a discussion of reliability and avail-
ability applications to transmission and distribution systems,
treating independent component outages and their effects on
the continuity of supply. Kristina and Eto (2004) estimate the
losses associated with power outages affecting residential
customers for longer durations. Layton (2006) used a survey
to households’ willingness to pay to avoid unexpected interrup-
tions in electricity service. In this survey, the author used a
statistical approach based on combining a gamma distribution
for outage costs with a lognormally distributed scale parameter
deﬁned as a function of household characteristics, outage
attributes, outage history, and random coefﬁcients. He showed
that cost estimates are sensitive to the interaction of attributes of
previously experienced and hypothetical interruptions. Priyantha
and Jayalath (2003) evaluated the economic impact of power
interruptions on industry in the South Asia region, comprising
the countries of Sri Lanka, Nepal, Bangladesh and India. The
technical assessment evaluates the cost to the country’s economy
in terms of the industrial loss due to supply interruptions and the
cost of generation standby used to supplement the energy
requirements for the industrial sector. Shaalan (2000) presented
the results of study conducted to investigate and analyze the
effects of electric service interruptions to the residential sectorin the city of Riyadh (capital of the Kingdom of Saudi Arabia)
resulting from severe power outages. The author founded that
this sector will suffer tangible and intangible losses should
outages occur in speciﬁc times, seasons and last for long
durations. Shaalan (2011) discussed explicitly the signiﬁcance,
impact and role of outages cost estimation in reliability
evaluation of electric power system planning particularly for
fast developing countries like Saudi Arabia.1.3. Proposed approach
Arriving at a reliability level for a power system is an intricate
and convoluted problem due to the socio-economic conse-
quences of the interruptions to the power supply. The capital
investments associated with generating units installation, can
form a signiﬁcant amount of expenditures and costs. Hence,
determination of a reliability level for generation planning is
a very important and rather a tedious task.
The work plan to be followed is to utilize the customer’s
perception to system reliability evaluation to arrive at the most
appropriate marginal risk (reliability level) that can be ac-
cepted by the different classes of consumers served by the Sau-
di Electric Company (SEC).
Determining the appropriate reliability level requires some
understanding to the aim in view. It may be questioned whether
this aim is to minimize the total costs to society (i.e., system cost
plus outages cost) or to match the expectation and satisfaction
of all consumers. Ideally, the two approaches should not be in
conﬂict.
The approach intended to be developed and used in this
work is to extend the methodologies adopted in the existing
works by using two reliability indices, namely, the Loss-of-
Load-Expectation (LOLE) and the expected energy not served
(eENS) in a real generation expansion planning problem ap-
plied to SEC’s power system. This approach, from the
Author’s judgment, will guarantee both electric service quality
as well as energy continuity with reasonable and acceptable
costs.2. Outages cost estimation based on consumer’s perception
2.1. Residential consumer
A difﬁculty associated with residential losses is due to the fact
that in this sector, activities are not productive and most of its
output is consumed within the household and not valued in
the market. Interruptions may disrupt housekeeping activities
such as cooking, washing, using air conditioners, lighting, enter-
tainment, etc. Residents may incur tangible losses such as food
spoilage and intangible losses in terms of inconvenience, dis-
comfort, and anxiety. Most of the effects of interruptions are
intangible and cannot be evaluated in terms of monetary values.
Therefore, a single complete measure of residential outage cost
is difﬁcult if not impossible to obtain. However, the method de-
pends on the speciﬁc purpose and theoretical structure of the
analysis. It is the author’s opinion that the most suitable esti-
mate of outages cost is the consumer’s evaluation to his losses
during power outages and types of preparatory actions he
may take to avert such outages. This approach is theoretically
andmore pertinent to the perception of the residential consumer
and to his needs.
Figure 1 Consumer’s willingness-to-pay vs. outage durations.
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actions that he takes against system failure, respondents were di-
rected to suppose that they have been told by their utility that
unexpected power outages may occur daily in summer time
for various durations and asked to predict which action(s) they
might take in preparation for the outages (Appendix A1). The
costs quoted in the list of actions are used to compute an esti-
mate of the cost of preparations that respondents indicate that
they are willing to undertake to eliminate or at least to mitigate
the adverse effects of the outages [Q(1)]. Also, the survey aims
[Q(2)] to explore to what extent they are willing to pay to avert
service interruptions. Therefore, it is suggested that the supply
has become subject tomore frequent power outages. To increase
system reliability, the companymay add generating units and/or
reinforce its network facilities which may result in extra cost.
Hence, the question postulates daily power outages in summer
period for durations of 20 min, 1 h, 4 h, and 8 h. A range of pos-
sible tariff rate increases is proposed and the respondents are
asked to perceive and assess the possible damage resulting from
service interruptions and to propose accordingly the fair and
appropriate rate increases based on the prevailing cost of energy
unit. The survey results show, as portrayed by Fig. 1, that a sig-
niﬁcant number of respondents were willing to pay higher rate
for even up to 20% above the cost of the normal charge to avert
extended outage durations.
The cost per outage estimated as above are probably themost
meaningful for the residential user group but the cost/kWh is
determined as presented in Table 1 for planning purposes and
comparison with other studies. The SR/kWh estimates were ob-
tained by weighting the respondent monthly energy consump-
tion and payment and converted to a per outage basis to make
the estimate consistent.
2.2. Commercial consumer
The commercial sector covers a variety of electricity consum-
ers. Since much of the commercial activities could be classiﬁed
as in service-oriented sector such as shops, supermarkets, res-taurants, ofﬁces and small businesses, the possibility of making
up work lost by interruptions is much greater, by using existing
manpower and equipment more intensively during normal
working hours. Generally, the more commercial consumers
rely on electricity-using equipment, the larger the correspond-
ing interruption costs tend to be. Spoilage costs resulting from
interruptions are likely to be most important to commercial
users such as supermarkets, hotels, and restaurants who use
refrigeration to store perishable items.
The investigations of this sector are basically divided into
three main subgroups: food stores, public services and small
business. Respondents were asked to estimate the cost to their
establishments for outages of various durations (Appendix
A2). The outages were suggested to occur without warning
in summer, and speciﬁcally in Ramadan (the peak shopping
season) between 9 pm and 1 am. Table 2 displays the average
of the cost estimate reported by the respondent, normalized
by dividing by the respondent’s annual energy consumption.
It is noticed from respondent’s data that some commercial cat-
egories have different cost estimates from the average. For
example, although the average cost due to twenty minutes
interruption is small, some categories have larger losses associ-
ated with potential damage to some major equipment.
In the same table, the average outage cost per respondent in
SR is shown to indicate the size of the monetary loss to the
consumers as a function of outage duration. A number of
respondents reported that their interruption costs would be
small or negligible. These involved businesses not operating
during the evening or suffering less effect of outages on their
business production. Another observation is that food related
establishments such as supermarkets and cold-stores are the
most affected by the interruption prolong durations due to
the great loss from food spoilage.
2.3. Industrial consumer
The objective of the industrial survey was to obtain informa-
tion on costs of interruptions for electrical users involved in
Table 1 Outage cost estimation for the residential consumer.
Duration Outage cost (SR/kW h)
20 min 0.8
1 h 6.65
4 h 43.43
8 h 195.92
Table 3 Outage cost estimation for the industrial consumer.
Duration Outage cost (SR/kW h)
20 min 140
1 h 450
4 h 1000
8 h 2900
14 A.M. Al-Shaalanassembling and manufacturing. The effects and direct costs of
outages to industry during working hours may be classiﬁed
into two main categories: (a) spoilage of material in the process
of being produced or in storage; and (b) reduced production
during the interruption and the following restart period. The
economic value of spoiled products depends on the extent to
which they have been processed and must include the value
of all embodied inputs used in their production.
To estimate the impact of power outages upon this sector, a
technique different than that applied for the two precedents
sectors (presented in Appendix B) is developed and imple-
mented. It is felt that this sector being constant energy user
and more sensitive to power outages may wish to improve
the security and adequacy of supply by installing standby gen-
erators or by reinforcing its links with the utility grid. All addi-
tional expenses related to any new facilities would considered
to be indirect outage costs. To use this information and others
(Appendix A3) effectively in the analysis, the respondents were
asked to estimate the cost to their company for interruptions
of various durations. The interruptions were to occur without
warning at a time of full production, at 9 am near the end of
July. Each respondent’s cost estimate was divided by his an-
nual kW h consumption. The resulting averages in SR/kW h
are presented in Table 3. The variation of costs with respon-
dent category indicates that outage costs vary greatly from
respondent to another within each category. Other average
interruption losses were reported by most of the respondents,
this showed that a signiﬁcant cost saving can result from infor-
mation regarding outage duration and from advance warning.
3. Generating a uniﬁed consumers losses function
The outage cost estimates obtained from each approach for
each sector measure different aspects of electric service ade-
quacy and reliability based on consumer’s perception and are
not strictly comparable. The results indicate that there are sig-
niﬁcant differences in outage cost estimates among the sectors
considered for the analysis, and this may be attributed to the
different nature of each sector and its energy requirements.
Conceptually, generation of a uniﬁed consumer losses function
(UCLF) for a particular region is an attempt to deﬁne the total
outage duration. For this purpose, the consumer mix for the
region is identiﬁed so that the losses for the various consumer
sectors can be proportionally weighted to their respective en-Table 2 Outage cost estimation for the commercial consumer.
Duration Outage cost (SR/kW h)
20 min 1.8
1 h 21.6
4 h 98.7
8 h 542.9ergy consumptions within the region. These weighted costs
are summed to provide the total cost for the region for each
duration. The composition of the service region is assumed
to be equally represented by the residential, commercial and
industrial sectors. The resulting UCLF is shown in Table 4
and displayed (among other consumers outage costs) in
Fig. 2 as an average cost. The primary application for the
aggregated outage cost (consumer losses function) is related
to planning processes, reliability assessment and operating
activities.
4. Energy production evaluation
In this section, the views and perceptions of the electric energy
consumers are utilized and incorporated in an overall system
costs to come up with a least-cost planning methodology. Sev-
eral production costing techniques based on the unserved energy
have been reported in the existing literature and mentioned in
Section 2.1. The basic concept employed in this part of analysis
to evaluate the expected energy served (eES) and the expected
energy not served (eENS) is presented in the following section.
4.1. The model
Referring to Fig. 3a and b, the expected energy delivered by
unit 1 is given by
E1 ¼ p1
Z C1
0
tðLÞdL ð1Þ
representing the area occupied by unit 1 beneath the LDC. In
calculating the energy delivered by the second unit, two com-
ponents of cost are considered.
First, when unit 1 is available (with probability of p1), unit 2
will be loaded to supply system demand between the levels
C1 + C2. second when unit 1 is forced out (with probability
of q1), unit 2 will occupy the lowest position under the LDC,Figure 2 Variation of consumers costs with outage durations.
Table 4 Uniﬁed consumer losses function (UCLF) for the
entire consumers categories.
Duration Outage cost (SR/kW h)
20 min 100
1 h 250
4 h 600
8 h 1500
Figure 3 (a) Units loading with unit 1 in service. (b) Units loading with unit 1 on outage. (c) Modiﬁed load duration curve for the last
two units to be loaded.
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pected value of the energy delivered by unit 2 is, therefore,
E2 ¼ p2 p1
Z C1þC2
C1
tðLÞdðLÞ þ q1
Z C2
0
tðLÞdðLÞ
 
ð2Þ
Recognizing thatZ C2
0
tðLÞdðLÞ ¼
Z C1þC2
C1
tðL C1ÞdL ð3Þ
which acts to shift the LDC up by the amount C1, Eq. (2)
becomes
E2 ¼ p2
Z C1þC2
C1
½p1tðLÞ þ q1tðL C1ÞdL ð4Þ
The inﬂuence of the availability of unit 1 on the operation of
unit 2 may be reﬂected through the use of a modiﬁcation of
the load duration curve. A ‘‘Modiﬁed load duration curve,
(MLDC)’’ is deﬁned as followst^1ðLÞ ¼ p1tðLÞ þ q1tðL C1Þ: ð5Þ
Substituting Eq. (5) into Eq. (4) yields
E2 ¼ p2
Z C1þC2
C1
t^1ðLÞdt ð6Þ
which has a form similar to Eq. (1).
In order to evaluate the expected value of the energy gener-
ated by unit 3, the effects of outages of both units 1 and 2 must
be considered (since the position of unit 3 under the LDC de-
pends on the availability of units 1 and 2). The MLDC E1(L)
incorporates the effect of forced outage of unit 1. Unit 3 is
therefore, loaded according to this curve if unit 2 is available.
If unit 2 is not available, the MLDC, E1(L) is shifted upward
by C2 and used. That is,
E3 ¼ p3 p2
Z C1þC2þC3
C1þC2
t^1ðLÞdðLÞ þ q2
Z C1þC2þC3
C1þC2
t^1ðL C2ÞdL
 
ð7Þ
Deﬁning an MLDC for unit 2,
t^2ðLÞ ¼ p2 t^1ðLÞ þ q2 t^1ðL C2Þ ð8Þ
and substituting Eq. (8) into Eq. (7), yields
E3 ¼ p3
Z C1þC2þC3
C1þC2
t^2ðLÞdL ð9Þ
Comparing Eqs. (1), (6), and (9), the following recursive for-
mula can be deduced and used to evaluate the expected energy
served by each unit n in the system
Table 5 Results of a long-range generation expansion plan set at LOLE= 0.155 d/y.
Units to be added from each type LOLE Cost eES Cost eENS Cost
Year Typ1 Typ2 Typ3 Typ4 (d/y) (MSR) (GWH) (MSR) (MW h) (MSR)
1 0 0 0 0 0.001 35 24 3.6 114 1.71
2 0 0 0 0 0.007 32 28 4.2 171 2.56
3 0 0 0 1 0.003 34 32 4.8 157 2.35
4 0 0 0 1 0.012 35 36 5.4 144 2.16
5 0 0 0 1 0.015 37 41 6.2 138 2.11
6 0 0 0 1 0.021 39 46 6.9 145 2.17
7 0 0 0 1 0.034 40 52 7.8 174 2.61
8 0 0 0 1 0.026 41 59 8.8 253 3.78
9 0 0 1 0 0.051 50 67 10.0 239 3.58
10 0 0 0 1 0.042 58 74 11.1 286 4.29
11 0 1 0 1 0.052 91 81 12.2 151 2.26
12 1 0 0 1 0.063 87 89 13.3 199 2.98
13 0 0 1 0 0.047 92 96 14.4 173 2.59
14 0 0 1 0 0.086 97 105 15.7 166 2.45
15 0 0 0 1 0.133 93 114 15.7 254 3.81
16 0 1 0 0 0.142 118 113 17.0 229 3.43
17 0 0 1 0 0.104 140 122 18.2 232 3.48
18 0 0 1 0 0.116 170 133 20.0 251 3.67
19 0 0 1 0 0.132 168 155 17.2 294 4.41
20 0 1 0 0 0.122 185 167 25.2 254 3.81
21 0 0 1 0 0.127 201 179 26.7 275 3.85
22 0 0 1 0 0.102 195 190 28.5 313 4.69
23 0 1 0 0 0.045 210 201 30.2 246 3.69
24 1 1 0 0 0.086 224 205 30.7 205 3.75
25 1 1 0 0 0.022 236 229 34.3 178 2.67
26 1 0 0 0 0.103 254 236 35.4 152 2.28
27 1 0 0 0 0.066 231 255 33.7 361 5.41
28 1 0 0 0 0.078 250 270 40.5 261 3.91
29 2 1 0 0 0.119 240 287 43.1 238 3.57
30 2 0 0 0 0.102 258 295 38.5 186 2.78P
10
P
7
P
8
P
10
P
3941
P
579.3
P
96.81
16 A.M. Al-ShaalanEn ¼ pn
Z bn
an
t^n1ðLÞdðLÞ n ¼ 1; 2 . . .N ð10Þ
where
aN ¼
Xn1
i¼1
Ci; bN ¼
Xn
i¼1
Ci
and
t^nðLÞ ¼ pnt^n1ðLÞ þ qnt^n1ðL CnÞ
For unit 1, the MLDC and LDC are identical, that is,
t^0ðLÞ ¼ tðLÞ
After the expected energies for all generators have been deter-
mined using the above recursive formula, the ﬁnal MLDC,
t^NðLÞ, includes the forced outage effects of all units and conse-
quently contains additional information about the system.
Referring to Fig. 3c, T* is the number of days that the equiv-
alent load equals or exceeds the system capacity, commonly
known as the LOLE for the generating system. That is,
LOLE ¼ t^NðbNÞ ¼ T ð11Þ
The shaded area shown in Fig. 3c, deﬁned by t^NðLÞ, and the
total system capacity, bN represents the ﬁnal expected energy
not served (eENS), and can be deﬁned as
eENS ¼
Z 1
bN
t^NðLÞdL ð12ÞThe eENS can be used for planning purposes (i.e., economic
assessment and reliability evaluation).
Therefore, the outage cost (OC) for a speciﬁc planning per-
iod can be estimated as
OC ¼ eENS  ðcost=kWhÞ ð13Þ
where cost/kW h can be designated based on the technique
presented.
4.2. Utilization of the model
Using the approach demonstrated in the precedent section, the
unit available capacity is convolved with system annual load
duration curve. The criterion adopted is that all existing and
new units are loaded according to a priority levels based on their
least operating costs.
The case under study represents a growing power electric
system in a developing country (data for the studded system
is given in Appendix C). A long-range plan for the system fu-
ture development has been performed. One planning outcome
under a reliability criterion (LOLE) of 0.155 days/year is
shown in Table 5. In power system planning, reliability and
cost are two antagonizing factors in reliability-worth assess-
ment and must be balanced in the planning process. Therefore,
to seek the most appropriate balance that can insure both
acceptable reliability and reasonable cost, different expansion
plans have been performed. For this particular system under
study, it is found, as Fig. 4 displays that the most appropriate
Figure 4 Variation of total system costs vs. reliability levels.
Figure C1 Flowchart for the proposed planning approach.
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consumer’s requirements, namely, acceptable reliability level
as well as reasonable cost.
5. Conclusion
This paper presents results of study conducted to assess and
evaluate the perceived losses incurred by various consumerscategories within the Saudi Electric Company (SEC) in the
central region of the Kingdom of Saudi Arabia resulting from
severe power outages and energy curtailment. It has focused
on the development and implementation of theoretical and
mathematical tools for evaluating essential basis for arriving
to the most appropriate system reliability level of a power sys-
tem with explicit consideration of company cost as well as con-
sumer outages costs. The main contribution of this study is
manifested in reaching and formulating a Uniﬁed Consumer
Losses Function (UCLF) for that particular service area in or-
der to deﬁne the total consumer losses for that area as a func-
tion of outage duration. The UCLF has been used in a
production costing evaluation for a power system planning
methodology in an attempt to arrive at the most acceptable
reliability level that insure both adequacy and reasonable reli-
ability of the supply.
Another major contribution of this study is revealed in the
compilation of main energy consumers outages data which
can be used as a key input to reliability-cost evaluation in
power system planning as demonstrated in Appendices A
and B.
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Appendix A. Consumers questionnaires
A.1. Residential
A.1.1. Q(1) Losses resulting from lasting outages
This question explores certain preparatory actions taken by
the consumer as outages occur and last for longer durations.
These actions attempt to mitigate the effects of outages. The
list of possible preparatory actions is:
1. Make no preparations and live up with outages.
2. Use candle with costs of SR 1 each per hour to burn.
3. Use an emergency lamp or ﬂashlight that would cost 1.5SR
per hour to buy and operate.
4. Use an emergency propane stove for home cooking which
cost 2SR per hour to buy and operate.
5. Use a gas refrigerator or freezer to keep meat and produce
fresh which would cost 4SR per hour to buy and operate.
Now chose and circle the appropriate preparatory action(s)
as listed above that you may take to lessen the effects of the
outages if they last for the following durations:
A.1.2. Q(2) Proposed tariff increase to avert outages
This question seeks consumer’s opinion concerning the cost of
electricity versus power outages. So, it proposes range of pos-
sible percentage increases in the present tariff that the con-
sumer is willing to pay for different outage durations (circle
the appropriate % tariff increase).
A.1.3. Q(3) State the followings
(a) your monthly income;
(b) your monthly energy consumption.
18 A.M. Al-ShaalanA.2. Commercial
Suppose that a power failure occurs without warning in the
month of Ramadan (the holy month) from 9:00 pm to
2:00 am), please estimate (in SR) the losses your business will
incur due to power outages for the speciﬁed durations:
20 min, 1 h, 4 h, 8 h.
 Paid staff unable to work.
 Loss of sales.
 Start-up cost spoilage of food damage to equipment and
supplies.
 Other costs (please specify).
 Sum of all costs.A.3. Industrial
Suppose that a power failure occurs without warning on a time
of full production at 10:00 am, please estimate the cost to your
company for each outage duration: 20 min 1 h 4 h 8 h:
 plant/equipment damage;
 raw material;
 ﬁnished product damage;
 start-up cost (extra clean up or maintenance production
loss (during outages and restart time);
 overtime to make up lost production;
 other costs (please specify);
 sum of all costs.
Appendix B. Industrial outage cost model
B.1. Damage product cost (DPC)
The value of the DPC depends on the extent to which the
product has been processed and must include the value of all
embodied inputs used in its manufacturing. For some situa-
tions, over a given period, the economic value of the DPC
can be expressed as
DPC ¼
Xn
i¼1
SðdiÞ  V
h
 
ð1Þ
where is the V= total value added, h= number of hours of
operation, n= frequency of outages, the di = duration of
the ith outage, s(di) = value of the spoiled product for an out-
age duration of di as a fraction of
V
h
.
B.2. Overtime production cost (OPC)
Because of contractual obligations or competition, some ﬁrms
may have economic incentives to make up any lost production.
If the ﬁrm wishes to recover a fraction of the output lost be-
cause of the outages, then the period of overtime ho can be
recovered from a Cost Factor CF as follows:
OPC ¼ ho V
h
 
þ k  ðCFÞ ð2Þwhere k= fraction of FC that is recovered.B.3. Start-up time cost (STC)
The opportunity cost of slack factors of production during the
time of outages and the subsequent start-up period is given by:
STC ¼
Xn
i¼1
bðdiÞ  V
h
  
ð3Þ
where b(di) = start-up time for an outage duration of di.
Appendix C. Computerized models developed for the reliability
and cost evaluation applied in this study
To perform the computation and analysis of this study, a com-
puter program containing three basic models has been devel-
oped at the King Saud University [32]. These models, shown
in Fig. C1, assess the requirements of developing power sys-
tems in order to satisfy speciﬁed reliability and economic crite-
ria and they are brieﬂy described as follows:
1. CAPLOAD model: Convolves system available capacity
states with their associated probabilities and the load levels
at every stage of the planning horizon. The generating units
in this model are characterized by their rated capacity and
forced outage rates. The load characteristics used in this
model is the annual Load Duration Curve (LDC). This
model constitutes an essential basis for evaluating the sys-
tem risk index (i.e., LOLE).
2. SYSREL model: Evaluates system reliability level and
checks whether risk index (LOLE) is below or exceeds the
prescribed limit decided by the management or the system
planer. It deﬁnes the required capacity additions in case
that risk index falls below the prescribed limit. Also, evalu-
ates system expected energy served (eES) by each generat-
ing unit residing in the system as well as the expected
energy not served (eENS) due to severe outages occurrence.
3. SYSCOS model: Estimates the economic aspects, i.e., ﬁxed
cost (FC), variable cost (VC), outages cost (OC) and total
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